Background {#Sec1}
==========

Sickle cell disease (SCD) is caused by mutations in the β-globin gene that lead to the production of abnormal forms of the β-subunit of hemoglobin. It is the commonest life-threatening genetic disorder among people of African heritage and is also common in populations hailing from the Indian subcontinent, the Mediterranean basin, and the Middle East \[[@CR1]\]. The majority of people with SCD suffer from the most severe form of the disease---the homozygous HbSS genotype---which is also known as sickle cell anemia (SCA). An estimated 300,000--400,000 babies with SCA are born every year, about three quarters of them across a geographical band in Africa stretching from Senegal to Madagascar, mirroring the continent's malaria endemicity \[[@CR2]\]. In much of this region, over 1% of all newborns have SCA. Nigeria alone is home to 25--35% of global SCD births.

In a recent review of cross-sectional population surveys and cohort studies of SCD in Africa, it was estimated that between 50 and 90% of SCA children died before age 5 years \[[@CR2]\]. This extrapolates to 150,000--300,000 annual SCA child deaths, potentially accounting for 5--10% of the region's total child mortality \[[@CR3]--[@CR5]\]. Many surviving children with SCA, as well as tens of thousands of additional children born in Africa every year with other forms of SCD \[[@CR6]\], experience significant morbidity in comparison to healthy children \[[@CR7], [@CR8]\].

By contrast, in high-income and some middle-income countries such as Jamaica, survival among children with SCD is approaching parity with the broader population. These children also reach adulthood healthier, thanks to a public-health combination of newborn screening, preventive care, and active clinical management \[[@CR9], [@CR10]\]. Implementation in Africa has lagged considerably and is limited geographically. Despite SCD's substantial health burden in Africa, there is no coherent funding effort to address it on the scale of initiatives such as the Gavi vaccine alliance or the Global Fund for malaria and HIV. Moreover, most high-burden African countries have no budgetary allocation for SCD prevention and control \[[@CR11]\].

Recently, the US National Institutes of Health and the Gates Foundation announced a large joint allocation of funds towards the development of gene-based cures for SCD and HIV \[[@CR12]\]. This encouraging and welcome announcement will doubtless help raise the public profile of SCD. However, to date, curative solutions available in the West have only played a very minor role in the public-health achievements described, above and are still considered a high-risk option of last resort \[[@CR13], [@CR14]\]. Even fulfilling this relatively modest role in Africa would require massive technological infrastructure investments. The additional cost and complexity of emerging gene-based curative solutions (the earliest of which are now only in phase I clinical trials in the West) mean that it could take several decades before such treatments reach Africa on a scale that matches SCD burden.

Meanwhile, in recent years, great strides have been made in public-health preventive and management solutions for SCD in Africa. If local and global resources could be mobilized on a scale that has already been demonstrated as feasible for other diseases, the prognosis for Africa's SCD children can be improved dramatically within just a few years. Here, we examine the current state and outlook of public-health solutions for SCD children in Africa with an emphasis on recent progress, discuss the main barriers, and suggest some next steps. Detailed descriptions of SCD and its genetics and clinical presentation have been covered by recent reviews \[[@CR4], [@CR15], [@CR16]\] and will not be repeated here.

Main discussion {#Sec2}
===============

The urgency of early screening {#Sec3}
------------------------------

Children with SCD have high levels of fetal hemoglobin (HbF) in early life, rendering them generally healthy during their first few months. Once HbF production declines, their health begins to deteriorate when they might present with any of a number of conditions including anemia, painful crises, strokes, hand-foot syndrome, splenic sequestration, bacteremia, or pneumonia \[[@CR14], [@CR17]\]. The severity and timing of such presentations vary greatly, making early symptom-based SCD diagnosis extremely difficult.

The vast majority of Africa's SCD children are not diagnosed before the second year of life or even later \[[@CR7], [@CR18]\]. If they die before they are diagnosed with SCD, death is often attributed to other causes, making SCD "an invisible killer of children" \[[@CR19], [@CR20]\]. Delayed diagnosis can also mean that the provision of vital education and treatment is delayed, and that children suffer escalating morbidity and irreversible end-organ damage. Their ordeals constitute a substantial yet invisible part of the general population's child morbidity. For example, in a multihospital study conducted in Kinshasa, that included diagnosed cases a priori, 5% of children with severe anemia had undiagnosed SCA \[[@CR21]\]. Similarly, in the 2018 National Demographic Health Survey in Nigeria, which included testing for SCD, 10% of the children aged 6 months to 5 years who were found to have severe anemia were also shown to have SCA \[[@CR22]\]. Finally, in an 11-year chart review of stroke cases at Senegal's only pediatric hospital, children with SCD, the majority of them undiagnosed with mean onset age of 6 years, accounted for 38% of all cases \[[@CR23]\]. Senegal's estimated SCD birth prevalence is 0.5--0.6% \[[@CR1]\]. Even in high-resource countries such as Germany, the lack of universal early screening places SCD children at unacceptably high risk. Most children in a recently established national SCD registry there were discovered after age 1 year, usually by presenting with symptoms \[[@CR24]\].

The promise of new screening methods {#Sec4}
------------------------------------

Definitive SCD diagnosis requires identifying the hemoglobin type or the genotype directly. In Africa until recently, such tests have only been available in major laboratories. Despite recent progress, only a small fraction of Africa's SCD children undergo screening in early infancy \[[@CR4]\]. Over the past decade, several laboratory-based screening initiatives that seemed promising at first \[[@CR19]\] have stalled or ended once external funding had dried up \[[@CR4], [@CR25]\].

One way out of this impasse is the use of simple, affordable point-of-care tests (POCTs). The crucial role of universal early screening and the potential of POCT methods for SCD in Africa have been noted and discussed in recent years \[[@CR25]--[@CR27]\]. Since then, progress has accelerated with at least two POCT products---SickleScan™ (BioMedomics, Morrisville, NC, USA) and HemoTypeSC™ (Silver Lake Research, Azusa, CA, USA)---having been tested in relatively large numbers under field conditions in Africa and having shown high sensitivity and specificity \[[@CR28]--[@CR30]\]. Both products are easy to use, require no power or additional materials, can be produced at high volume and low cost, and are capable of screening for SCA and other major SCD-associated genotypes in a few minutes.

In Nigeria, Nnodu et al. screened a sample of 1121 infants across more than a dozen states using HemoTypeSC™, demonstrating that POCTs can be deployed at Expanded Program for Immunization (EPI) clinics, potentially reaching the vast majority of Africa's infants \[[@CR28]\]. Over 80% of children born in sub-Saharan Africa (and over 90% in India) are vaccinated via EPI during the first 2 months of life \[[@CR31]\].

Point-of-care tests can identify the two most common sickle hemoglobin types (S and C), but do not have the full diagnostic range of gold-standard methods. Therefore, they are best suited for screening many millions of infants born across vast geographies, most of them in hard-to-access rural areas. In the long run, a POCT system might be supplanted by laboratory-based newborn screening for multiple conditions, but this would require ubiquitous access to well-equipped laboratories. By contrast, EPI-integrated screening using POCTs shortly after birth could be deployed immediately in primary healthcare facilities and with minimal training.

Although not obviating the need for early-life screening, a complementary option is maternal screening at antenatal clinic (ANC) visits. Children born to mothers who do not carry the sickle cell mutation cannot have SCD. With average fertility of 5+ children per mother in West and Central Africa \[[@CR32]\], ANC-based screening could reduce the number of valuable direct infant POCTs required by up to 70--80%. This would not result in potential SCD cases being missed, since it would only be necessary to screen each mother once and not at every pregnancy. The vast majority of African women have at least one ANC visit during pregnancy \[[@CR33]\]. ANC screening can also help in discovering potential undiagnosed women with SCD who would be at greater risk around childbirth \[[@CR34]\] and in informing women whether they possess the sickle cell trait. To realize these efficiencies in infant screening, data from ANC and EPI need to be integrated, and mothers well-informed.

Promoting a proven public-health package {#Sec5}
----------------------------------------

The standard public-health care package for SCD children, developed in middle- and high-income countries over the past 50--60 years, consists of several elements (Fig. [1](#Fig1){ref-type="fig"}): Screening in early infancy is paramount, as discussed above.Penicillin V prophylaxis during early childhood was the first preventive SCD intervention introduced in the West, with dramatic mortality reduction \[[@CR35]\]. Some organizations now recommend continuing well beyond age 5 in high-burden, limited-resource areas \[[@CR36]\]. Penicillin V availability and price vary across Africa \[[@CR37]\], but it has long been a WHO Essential Medicine \[[@CR38]\], and its global reference price is a few US cents per daily dose \[[@CR39]\]. Therefore, both supply and cost can be stabilized. For allergic children, macrolides are indicated; they are also inexpensive and widely available.In addition, SCD patients are at increased risk of malaria exacerbations due to anemia and a weakened immune system. Antimalarial prophylaxis is indicated, is widely available, and reduces the frequency of clinical episodes \[[@CR40]\].Pneumococcal conjugate vaccine (PCV) and *Haemophilus influenza* B (Hib) vaccine are both delivered during early infancy under EPI and therefore affordable and widely available. Making meningococcal vaccine in endemic regions and pneumococcal boosters at older ages universally available and affordable might require SCD-specific support.Hydroxyurea promotes HbF production, among other benefits, and has been demonstrated in the West to be highly effective in reducing mortality and morbidity, including anemia mitigation, among children and adults, and in improving long-term prognosis \[[@CR41], [@CR42]\]. Safety and efficacy in African children were demonstrated by several recent trials \[[@CR43]--[@CR45]\] and observational studies \[[@CR46]--[@CR48]\]. Hydroxyurea is also a WHO Essential Medicine; its availability is expanding, and prices are dropping. The Stroke Prevention in children with SCA in Nigeria (SPIN) trial used hydroxyurea by a Nigerian manufacturer at US \$0.13 per daily dose. In late 2019, Novartis announced it will provide hydroxyurea for free to all SCD patients in Ghana \[[@CR49]\].SCD is associated with chronic protein energy and nutrient deficiencies. Nutritional supplementation including folic acid and macro- and micronutrients to mitigate these deficiencies, as well as parent education on the value of optimal nutrition and hydration in health maintenance, is considered an essential part of preventive SCD care \[[@CR50]\].Blood transfusion to mitigate sickle cell crises, as well as transcranial Doppler ultrasound to assess the risk of stroke, both require higher levels of equipment and training than available at primary centers. In high-prevalence regions, secondary centers should be given sufficient resources to provide this care.Caregiver awareness and education will be discussed further below.Fig. 1Schematic visualization of the standard public-health package to protect children with SCD

Currently in Africa, it is only tertiary centers that offer a substantial part of this package. Prospective African cohorts receiving it in partial form 10--20 years ago had already experienced substantial survival improvement over historical rates \[[@CR51]--[@CR53]\]. Our hope is that it will eventually be applied in full to all African children with SCD, with most interventions available at the primary and secondary levels.

Although funders and governments have so far been reluctant to support such an expansion, the evidence suggests substantial economic benefits to society. Kuznik et al. \[[@CR54]\] conducted a cost-effectiveness analysis of newborn screening and prevention in 43 sub-Saharan African countries. They found that at an SCD birth prevalence of more than 0.2--0.3%, screening and preventive care was highly cost-effective, costing on average \< \$200 per disability-adjusted life year (DALY). They identified 34 African countries meeting this threshold, despite considering only SCA births rather than any SCD and assuming no morbidity DALY benefits. They assumed screening costs of \$10/sample using isoelectric focusing (IEF), the least expensive laboratory method, and did not include hydroxyurea cost and impact. Given recent progress, in particular in the development of POCTs and the accessibility of hydroxyurea, it seems plausible that a scaled-up screening and care package would be cost-effective even at a birth prevalence of 0.1% or less. In regions of \~ 1% prevalence, it is among the most cost-effective, under-utilized child health interventions available.

Mapping SCD burden patterns using surveys {#Sec6}
-----------------------------------------

SCD birth prevalence is known to vary substantially over relatively short distances and between ethnic groups \[[@CR55]\]. The best available global SCD prevalence maps published in 2013 \[[@CR1], [@CR6]\] used data from field studies conducted over six decades, with variable diagnostic methods. Recent methodological developments, combined with the inclusion of data from surveys conducted since 2010, could help to update and improve these estimates.

Nigeria's 2018 Demographic and Health Survey (DHS) was the first-ever DHS to include SCD screening. A nationally representative sample of over 11,000 children aged 6 to 59 months was screened on location using SickleScan™ \[[@CR22]\]. The scale and national coverage of this survey allows to identify SCA prevalence of \> 1% in northeastern Nigeria, where it was previously estimated as \< 0.5% based on limited older data.

An alternative method to obtain subnational information quickly has been pioneered in Uganda. Using IEF, Ndeezi et al. screened nearly 100,000 dried blood samples from national HIV child screening, producing Africa's highest-resolution SCA prevalence map, and finding large variations: from 1--1.5% across most of the center and northeast to \< 0.1% in the far southwest \[[@CR56]\]. Older studies had suggested this general pattern, but the recent work provides far greater precision and detail. This was later followed up with targeted screening in higher-prevalence regions \[[@CR57]\]. Similar work was carried out in northwest Tanzania, confirming an SCA prevalence there of \> 1%, substantially higher than the national average \[[@CR58]\].

Countering stigma and misconceptions {#Sec7}
------------------------------------

One of the most challenging, yet essential parts of the public-health package is not a medical intervention and has received little attention thus far. Its impact was demonstrated in a recent analysis of a prospective birth cohort in Kilifi, Kenya. Infants were screened for SCA in the first year of life and were subsequently followed until the age of 5 years regardless of genotype. Roughly half of caregivers whose babies tested positive for SCA consented to enroll them into a care regimen. Their children suffered 29 deaths per 1000 person-years. SCA children whose caregivers declined enrollment suffered 104 deaths per 1000 person-years, close to the estimated 50--90% child mortality rate, despite access to modern emergency care at the Kilifi hospital. Non-enrolled SCA children were \< 0.4% of the entire birth cohort, yet accounted for \> 10% of under-5 deaths \[[@CR53]\]. Even though there might be additional differences between the consenting and non-consenting groups beyond only caregiver cooperation, the fourfold difference in mortality demonstrates how societal attitudes are among the biggest obstacles to progress on SCD. Caregiver refusal to cooperate is reported from other locations across Africa \[[@CR59]\], often at rates similar to Kilifi. Explanations vary, but are often related to the disease being less well-known, to a frightening prognosis that parents attempt to deny at first, or to misconceptions and social stigma related to the legacy of inexplicable early deaths afflicting certain families \[[@CR60]--[@CR63]\]. This is a major challenge requiring thoughtful multidisciplinary efforts and partnership with local SCD support and advocacy groups.

Knowledge and awareness gaps among clinical providers are a related challenge. A recent study from tertiary hospitals in central Nigeria found that half of doctors who routinely treat SCD patients lacked training about the use of hydroxyurea in patients with SCD and prescribed the medication 5 times less often than the other half \[[@CR64]\].

Conclusions and recommendations {#Sec8}
===============================

After decades of relative neglect \[[@CR19], [@CR65]\], a sea change for SCD in Africa is now within reach. Strong national and continental \[[@CR66]\] networks of SCD clinicians and researchers have been created. The references in this article demonstrate the rapidly expanding body of knowledge about SCD in Africa, thanks to locally led research. The Sickle Pan-African Research Consortium (SPARCO) has developed multilevel guidelines that can be used at all levels of healthcare, to provide standardized management for patients with SCD. SPARCO is also enrolling a large prospective multicountry SCD cohort in Tanzania, Nigeria, and Ghana, with harmonized data collection and management, and deep consideration of ethical and societal aspects \[[@CR67], [@CR68]\]. The Sickle Cell Support Society of Nigeria has 39 centers in all six geopolitical zones. Many tertiary healthcare centers in the country are now reasonably equipped and trained to treat SCD.

It is time for the global community to help accelerate this local mobilization and to leverage recent progress on POCTs, vaccination, and hydroxyurea, by providing appropriate financial, organizational, logistical, and research support. Particular, priorities include the following: ➢ The creation of a mechanism for sustainable integration of early-infancy POCT-based screening for SCD and recordkeeping in birth facilities and EPI clinics, whether via Gavi which is intimately connected to EPI, and whose broad mission is saving children's lives, or via a similarly robust infrastructure.➢ Help national health ministries to build out the requisite SCD care capacity for providing the public-health package described above, including training and supplies at the primary and secondary levels, and a full suite of advanced interventions at the tertiary level, up to and including curative solutions. This includes ensuring that the care is also affordable \[[@CR18], [@CR69]\].➢ Support prevalence and burden surveys to help prioritize resource allocation.➢ Support awareness campaigns and social research to improve caregiver awareness and cooperation, societal acceptance, and provider proficiency. In this task, it is crucial to partner with, and to help empower, patient and caregiver support and advocacy groups.➢ Support implementation research to outline the most effective paths towards building these systems.➢ Support the study of prospective SCD cohorts, in order to better understand patterns and modulators of severity and morbidity \[[@CR70]\], and to tailor appropriate interventions.➢ Help deploy admission screening in hospitals to identify undiagnosed patients presenting with conditions associated with untreated or undertreated SCD, such as stroke and anemia \[[@CR7]\].➢ Genetic counseling, which has complex ethical implications and depends on parent preferences and cultural heritage, may be part of the prevention toolbox. Public-health professionals should be able to provide respectful, culturally sensitive genetic screening and counseling to young adults. This counseling, already taking place in some countries, could be expanded and better supported.

These steps can be carried out first by countries ready to make the transition towards universal SCD care. The lessons learned there can then be applied elsewhere in the continent as well as in India and beyond, as the program expands. If we rise to meet this challenge, we may see SCD in Africa change soon from a pervasive killer of children to a condition managed through adulthood, preparing today's SCD children to benefit from curative solutions once they become available.
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